A novel dermatophyte species is described in the Microsporum cookei clade. It differs signifi cantly from known taxa in the two molecular markers analyzed, i.e., ITS and partial β -tubulin ( BT2 ). Morphologically the species was characterized by smooth-or only slightly rough-walled conidia, but isolates rapidly became pleomorphic with sparse, smooth-and thick-walled macroconidia in addition to microconidia. A teleomorph was found after mating.
always coincide with morphological and clinical concepts. The introduction of molecular techniques during the last decade has made diagnostics of etiologic agents of dermatophyte infections more reproducible. Sequencing of the internal transcribed spacer region (ITS) of the ribosomal DNA has become the gold standard.
In the present paper we report on a dermatophyte species that was isolated repeatedly on separate occasions, i.e., once from a human in The Netherlands and again from an asymptomatic domestic dog in Germany. The same species had previously been recovered from an asymptomatic alpine chamois ( Rupicapra rupricapra rupricapra ) in Italy, continuing a study by Peano et al . [10] from the same host. Upon isolation the strains were morphologically remarkable by the production of large, thick-walled, multi-celled conidia, upon which basis they were initially identifi ed as Microsporum cookei , but were also similar to M. racemosum . However, the isolates differed from these two species by the near absence of conidial ornamentation. The isolates rapidly became pleomorphic upon subculture. The strains appeared to have an ITS genotype that was not represented in the validated ex-type database of dermatophytes available by open access at www.cbs.knaw.nl. In addition, no close match was obtained with n blast in GenBank. An extended study of M. cookei and related species was undertaken
Introduction
During the last decade the taxonomy of dermatophytes has been revolutionized by the application of molecular phylogenetic methods [1 -9] . This has led to a signifi cantly better understanding of the evolution of members of the Onygenales . The soil-borne, geophilic dermatophytes represent the largest group, with the highest degree of genetic diversity among species. Members of this group are only relatively infrequently found to be involved in human or animal infection and thus they are not among the routinely identifi ed taxa in the dermatological laboratory. This may lead to their misidentifi cation when occasionally involved in human infections, despite their often distinctive morphological features, e.g., the macroconidia that characterize most geophilic species. For many zoo-and anthropophilic dermatophytes, identifi cation is even more problematic, partly because molecular delimitations of species do not including morphology, physiology, mating tests and hylogenetic analyses of ITS and partial β -tubulin ( BT2 ). Microsporum cookei and M. racemosum are geophilic anamorphs of Arthroderma species that are encountered in the pelts of wild mammals, and occasionally cause superfi cial infections in humans [20] . The strictly geophilic species Arthroderma cookiellum was included in the investigations for comparative purposes. Our isolates were judged to represent an undescribed species of Microsporum , of which an Arthroderma teleomorph was recovered after mating.
Materials and methods

Strains
The unidentifi ed isolates (CBS 124422, CBS 129178 and CBS129179) originated from wild chamois (asymptomatic), domestic dog (asymptomatic) and human, respectively (Table 1 ). The chamois isolate had been recovered by the toothbrush method and cultured on Sabouraud glucose agar (SGA) plates. The ITS sequences of the three strains were compared with 404 reference strains from collection of the Centraalbureau voor Schimmelcultures Fungal Biodiversity Centre, Utrecht, The Netherlands, of which 45 strains, chosen to represent the close relationships of the M. cookei clade, are shown in the tree (Fig. 1, star) . All strains available within this complex were included in the investigation. For comparative purposes the ex-type isolates of all species were studied. Full strain data on isolates clustering in the M. cookei clade are given in Table 1 . Isolates were deposited in the reference collections of CBS (Fungal Biodiversity Centre, The Netherlands), IFM (Japanese Federation of Culture Collection, Japan) and IHEM (BCCM/IHEM Collection, Belgium).
Morphology, physiology and mating
Colony and microscopic morphology was studied on Sabouraud glucose agar. Physiological tests included: (i) production of urease in urea broth (Oxoid, Haarlem, The Netherlands) read at intervals of maximum 7 days at 24 ° C; (ii) growth on bromocresol purple milk solids-glucose agar (BCPCG; Merck, Amsterdam, The Netherlands), read at intervals of up to 7 days at 24 ° C; and (iii) vitamins and amino acid requirements as determine through the use of Trichophyton agars 1 -7 (Difco, Leeuwarden, The Netherlands) incubated at 24 ° C, with results read periodically for up to a maximum of 4 weeks. Hair perforation was evaluated with sterilized blond children ' s hair in water with some drops of 10% yeast extract and results assessed after 3 weeks incubation. Halotolerance was tested in shaken liquid medium with 5% (w/v) NaCl. Cardinal growth temperatures of strains were determined on 4% Malt extract agar (MEA) [20] and colony diameters at 24, 27, 30, 33, 36, and 40 ° C were recorded. Microscopic observations were based on SGA slide cultures incubated for 14 days at 24 ° C. Mounts of slide cultures were made in lactic acid, with or without cotton blue. Light micrographs were taken using a Nikon Eclipse 80 i microscope with a Nikon digital sight DS-Fi1 camera. Drawings were made with camera lucida.
Mating experiments were performed according to De Vroey [15] . The medium used contained 30 g ground niger seeds ( Guizotia abyssinica ) and 20 g agar per litre. Experiments were performed by inoculating a reference strain at the centre of a culture plate (9 cm diam) with the strain to be tested inoculated at about 3 cm distant. Plates were incubated for a maximum of 4 weeks at 25 ° C. Mating types were determined by means of reference strains (Table 1) of the phylogenetically close relatives Arthroderma racemosum , A. cookiellum and A. cajetani (MT ϩ and MT Ϫ ). Stimulation of strains of different species of opposite mating type can give rise to the formation of a mycelial barrier [16] . Reference strains were fi rst verifi ed as capable of producing cleistothecia, asci and ascospores. Presence or absence of cleistothecia or pseudocleistothecia was observed with a binocular dissecting microscope. A microscopic examination of the squashed cleistothecia or pseudocleistothecia was performed to visualize the presence of asci and ascospores in fertile cleistothecia. Mating types assigned to strains were defi ned as the opposite of the MT of the reference strain with which (pseudo)cleistothecia were produced.
DNA extraction and sequencing
Mycelia were grown on 2% MEA plates for 2 weeks at 24 ° C. A sterile blade was used to scrape the mycelium from the surface of the plate. After mechanical breaking with tissue lyser (Qiagen, M ü llheim, Germany) and treatment with proteinase-K, DNA was extracted using an Ultra Clean Microbial DNA Isolation Kit (Mobio, Carlsbad, CA, USA) according to the manufacturer ' s instructions. DNA extracts were stored at Ϫ 20 ° C prior to use. Two genes were amplifi ed, i.e., the internal transcribed spacer region (ITS), and the partial β -tubulin gene ( BT2 ). Primers used for amplifi cation and sequencing are shown in Table 2 , but if amplifi cation with ITS1 was unsuccessful, ITS5 was substituted. PCR reactions were performed on a Gene Amp PCR System 9700 (Applied Biosystems, Foster City, CA, USA). Amplifi cation of ITS was performed in 50 μ l volumes containing 25 ng of template DNA, 5 μ l reaction buffer (0.1 M Tris-HCl, pH 8.0, 0.5 M KCl, 15 mM MgCl 2 , 0.1% gelatin, 1% Triton X-100), 0.2 mM of each dNTP and 2.0 U Taq DNA polymerase (ITK Diagnostics, Leiden, The Netherlands), with cycles of 5 min at 95 ° C for primary denaturation, followed by 35 cycles at 95 ° C (35 s), 52 ° C (30 s) and 72 ° C (60 s), with a fi nal 7 min extension step at 72 ° C. Amplifi cation of BT2 was performed in 25 μ l volumes of a mixture containing 7 μ l GoTaq Green master mix (Promega, Leiden, The Netherlands), 0.2 mM dNTPs, 15 mM MgCl 2 , 1 μ l of each primer (10 pmol) and 1 μ l DNA with cycles of 5 min at 95 ° C for primary denaturation, followed by 35 cycles at 95 ° C (45 s), 58 ° C (30 s) and 72 ° C (120 s), with a fi nal 7 min extension step at 72 ° C. Amplicons were purifi ed using GFX PCR DNA and gel band purifi cation kit (GE Healthcare, Buckinghamshire, UK). Sequence-PCR was performed as 95 ° C for 1 min, followed by 30 cycles consisting of 95 ° C (10 s), 50 ° C (5 s) and 60 ° C (2 min). Products were purifi ed with Sephadex G-50 fi ne (GE Healthcare) and sequenced on an ABI 3730XL automatic sequencer (Applied Biosystems) according to the manufacturer ' s instructions. Sequence data were adjusted using the SeqMan of Lasergene software (DNAStar, Madison, WI, USA). A total of 20 sequences were newly generated in this study and have been deposited in GenBank under accession numbers listed in Table 1 .
Alignment and phylogenetic reconstruction
Alignment was performed by using the server version of the MAFFT program (www.ebi.ac.uk/Tools/mafft) and manually corrected in the program Se-Al v2.0a11. Phylogenetic trees were constructed using the Neighbor-joining analyses with MEGA4 [17], using Kimura-2 model. The robustness of the branches was assessed by bootstrap analysis with 1000 replicates. Confl icts were estimated using the partition homogeneity test of the two genes ITS and BT2 with PAUP v.4.0b10 [18] . The number of replicates was 1,000. If p -values were less than 0.05 ( p Ͻ 0.05) the data sets in the partition could not be combined.
Results
Phylogenetic position of M. mirabile
Sequences of the ITS rRNA region from the unidentifi ed isolates were analyzed and compared with that of all known (Fig. 1) . The M. cookei clade among a group of geophilic Microsporum species was supported by a bootstrap value of 100% ( Fig. 1 with star) . This clade was clearly individualized with respect to remaining geophilic and zoophilic Microsporum species such as M. fulvum and M. canis . The nearest teleomorph species for the strains under investigation were M. racemosum / A. racemosum and M. cookei / A. cajetani . Arthroderma cookiellum was found in paraphyletic position at a large phylogenetic distance (Fig. 1) . Strains CBS 124422 and CBS 129179 were identical with respect to the ITS and differed 0.4% in BT2. Maximum differences with CBS 129178 were 3.4% and 2.6%, respectively. Three supported branches were observed within the M. cookei clade, i.e., A. cookiellum , an unidentifi ed Microsporum species, and a branch (two stars in Fig. 1) containing strains of M. racemosum and M. cookei . The ex-isotype strain of M. racemosum was 0.8% different from an authentic strain of M. cookei , but positions of strains did not coincide with preceding identifi cations on the basis of classical features such as morphology. Strain IFM 46451, deposited in GenBank (AB193713) as M. cookei , was 100% identical to the ex-types of M. racemosum . With BT2 sequencing, the M. cookei / M. racemosum complex (two stars in Fig. 1 ) was separated from and diffi cult to align with all remaining dermatophyte species.
An unrooted tree is given in Fig. 2 
Mating experiments
Mating experiments with tester strains of A. racemosum , A. cookiellum and A. cajetani are provided in Table 3 . Cleistothecia liberating ascospores were observed in the three teleomorph species. Unidentifi ed strain CBS 124422 (M1) showed mycelial stimulation when grown with the MT Ϫ tester strain of A. racemosum , but no peridium formation was observed. When cultured with the MT Ϫ strain of A. cookiellum (CBS 101.83), pseudocleistothecia without asci were produced. Upon mating with strain IHEM 3442 of A. cajetani (MT Ϫ ) cleistothecia and ascus-like structures were observed, containing structures interpreted as ascospores, but liberated ascospores were not detected. This allowed assignment of the mating type MT ϩ to CBS 124422 which is supported by the fact that no response with any MT ϩ mating type strain was obtained. All remaining mating combinations also remained negative, except for the pairing of CBS 124422 with CBS 129179 (M3) which yielded cleistothecia, asci, and liberated ascospores which indicated that the latter was a MT Ϫ strain (Fig. 3D,  E 
Morphological and physiological characteristics
Upon fi rst isolation, strain CBS 124422 and other strains from chamois goat-antilopes were fl at, star-shaped, powdery due to abundant conidial formation, pale hazelnut brown, with a dark red pigment being exuded into the agar (Fig. 3B) . After subculturing, isolates rapidly developed white, cottony sectors and strains fi nally became pleomorphized leading to yellowish-white cultures with deep reddish brown reverse (Fig. 3A, C) . Macroconidia were smooth-or slightly rough-walled and thick-walled, 6 -8-septate and acuminate; sparse microconidia and spirally twisted hyphae were present (Fig. 3) . Physiological parameters are listed in Table 4 .
Discussion
The molecular analysis of the ITS region clearly supports the grouping of the unidentifi ed strains amidst the geophilic Arthroderma species with Microsporum anamorphs and more specifi cally with A. cookiellum as nearest neighbor and A. cajetani ( M. cookei ) in paraphyletic position. The geophilic dermatophytes in general show relatively large mutual phylogenetic distances, with the exception of M. ripariae and M. gallinae which have 98% and 100% similarity to their next relatives A. fulvum and A. grubyi , respectively, and M. cookei and M. racemosum at a mutual ITS dissimilarity of up to 0.8%. Most anthropophilic Trichophyton species are much closer to each other in ITS, with distances often down to a single nucleotide [3, 5] , implying that the species involved from a single adaptive radiation event in the past. The geo-and most zoophilic dermatophytes are much more diverse than the anthropophilic representatives and are likely to be much older. The M. cookei clade is well-supported and remote from all remaining dermatophytes.
Distinction of M. cookei and M. racemosum within the M. cookei clade remained problematic even after removal of IFM 46451, which was possibly a misidentifi cation. ITS and BT2 sequence data were partly confl icting, particularly with CBS 102175 that was once found in M. racemosum and once in M. cookei , suggesting recombination. Mating between the two species has as yet not been reported, and therefore the delimitation of these taxa has to be postponed. In contrast, large ITS and BT2 distances were observed between the M. cookei / M. racemosum complex (two stars in Fig. 1 ) and the unidentifi ed isolates. Cultural and morphological features of these novel isolates were reminiscent of M. cookei , but the strains were strongly pleomorphic as described for other dermatophytes species by Takashio [19] . A fresh isolate from Italian chamois, CBS 124422, initially showed heavy sporulation, whereby conidia were nearly smoothwalled and acuminate, lacking the rough ornamentation of M. cookei and M. racemosum conidia. This feature, together with the absence of complete mating with the three teleomorph species tested (Table 3 ) and the large sequence differences, unequivocally indicate that our isolates belong to a hitherto unknown species in the M. cookei clade. Moreover, two strains of this new species with opposite mating types were able to produce cleistothecia containing asci and ascospores. This fi nding confi rmed that these isolates belong to a single biological species. Whether or not CBS 129178 also belongs to this species remains somewhat unclear. It showed a deviation of 3.4% with ITS, but this was largely due to an insertion 
BCPCG, bromocresol purple milk solids-glucose agar; T1-7, Trichophyton agar 1-7; Ϫ. no growth; ϩ, restricted growth; ϩϩ, good growth.
in an area which was diffi cult to sequence. BT2 differences were present, but smaller. In mating experiments an incomplete response with CBS 124422 was obtained (Table 3 ). The strain is provisionally maintained as member of the same taxonomic entity, awaiting additional material for study. The phylogenetic data suggest that the unknown taxon is located amidst geophilic species, which eventually occur asymptomatically in the pelt of mammals. Two of our strains matched with this ecology, but a third one originated from a human toenail infection. Case reports of this species have not been published. Strains of the geophilic species M. cookei and M. racemosum also have been reported from dogs, monkeys and squirrels as well as from a superfi cial skin lesion in humans [20] .
The unidentifi ed isolates are described below as a novel species, as follows: Coloniae rapide crescents, in agaro Sabouraud 24 mm per 14 dies, avellaneae, pulverulentae; margo radiatus; obversa fusca vel nigra, pigmentum roseum diffundens. Coloniae pleomorphosum pallido-fl avae, velutinae; conidium paucitas. Hyphae hyalinae, glabrae, levitunicatae. Hyphae in speciem hami curvatae vel spiraliae frequens. Microconidia lateraliter in hyphis formata, sessilae, clavae. Macroconidia crassitunicatae, levae vel in apicalem verruculosae, verrucosum irregulariter infrequens, hyalinae, fusiformae apicalem acuminatae 6 -7( Ϫ 10) cellulis compositae, 30 -50 μ m longae ad 10 -15 μ m crassae. Arthroconidia formantur, nonnullae chlamydosporis in vetustioribus culturis.
Fungus heterothallicus. Gymnothecia albae, globosae. Hyphae peridiae septatae, arcuatae, interdum ramosae, verrucolosae, cellulis constrictis concinnis vel aliquantis aconcinnis. Asci subglobosi, hyalini, 6.3 -7.3 μ m diam, tenuitunicati evanescenti, octospori. Ascosporae hyalinae laeves, lenticulares 3 μ m crassae, in concursu lutiae.
Holotypus CBS H-20571 exsiccatus in herbariorum CBS praeservatur ϭ CBS 124422 ϫ CBS 129179; CBS 124422 typus anamorphosis.
The following description is of CBS 124422 on SGA after 2 wk incubation at 25 ° C.
Colonies spreading, attaining 24 mm in 14 d, pale hazelnut brown, powdery, radiated at the margin; reverse brownish red to nearly black in the centre, a bright red pigment being exuded into the agar. Colonies rapidly becoming pleomorphic, then with yellowish-white, evenly cottony aerial mycelium and reduced conidiation. Hyphae hyaline, smooth-and thin-walled. Thin spirally twisted hyphae commonly present. Microconidia present, sessile, clavate, liberated by deterioration of the supporting hypha. Macroconidia thick-walled, smooth-or slightly roughwalled near the apex, uncoloured, rarely with irregular ornamentation, broadly fusiform, often slightly acuminate at the apex, 6 -7( Ϫ 10)-celled, about 30 -50 ϫ 10 -15 μ m. Arthroconidia occasionally present. Chlamydospores absent.
Teleomorph produced after mating. Gymnothecia whitish, consisting of a network of densely interwoven, strongly branched, fi nely punctate hyphae. Asci subspherical, with thin evanescent walls, 8-spored; ascospores subhyaline, lenticular, about 3 μ m wide.
Cardinal temperatures optimum 27 ° C, maximum 30 ° C; no growth at 33 ° C; survival at 4 ° C. Urease and hair perforation negative. No growth with 5% NaCl. Purple coloration on BCPCG. Trichophyton agars 1 -6 positive (Table 4) .
Holotype CBS 124422 ϫ CBS 129179, deposited in Herbarium CBS as CBS H-20571 isolation data provided in Table 1 . CBS 124422 is the type of the anamorph.
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